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Abstract 
Conventionally, building energy performance is evaluated through energy simulations using a single input weather 
file referring to present weather conditions. However, the analysis shown in this study demonstrates the high 
sensitivity of calculated energy consumption to weather files chosen for simulation. Thus, we propose that multiple 
present and future weather files must be incorporated as random instances of an unknown population, i.e. the climate. 
This paper describes a methodology to assess the robustness of different energy efficient refurbishments over possible 
climate projections, by taking into account uncertainties in weather files. The innovation consists in the discussion of 
energy outcomes in terms of ranges instead of single values. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction
A growing population, the large amount of time spent indoors and increasing demands for comfort have led to
sharp increases in energy usage in dwellings [1]. Besides the extensive use of HVAC systems, high energy 
consumption is linked to inefficient building construction. In particular, dwellings built before 1970 without any 
energy standards perform poorly mainly due to the low thermal performance of their envelope. Focusing on Europe, 
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they account for almost 50% of the existing housing stock [2,3] and for this reason their refurbishment is a cost-
effective way to reduce energy consumption at a large scale [4]. Energy simulations are necessary to evaluate which 
refurbishment strategy is better for a particular building and climate. Conventionally, building simulations are use 
historical weather conditions (characterized by a TMY file) without taking into account the predicted changes in 
climate. However, buildings have a life span of 50 to 100 years and so energy calculations appear precise without 
being accurate for a changing climate [5, 6]. Some recent studies have considered projected future changes but using 
only one input weather file [7, 8]. Given the fact that climate is a singularly stochastic phenomenon and that we cannot 
predict the weather in the next years with complete certainty, future weather files are intrinsically uncertain. For this 
reason using a single input weather file in building simulations, regardless of its source or generative algorithm, leads 
to incomplete energy consumption forecasts or benchmark simulations for comparison. 
This study summarizes a methodology to assess the robustness of different energy efficient refurbishments to climatic 
uncertainties. The innovation in our study consists in the introduction of more than one input weather file in building 
simulation to represent both present and future years, discussing outcomes in terms of ranges instead of single values 
to assess the robustness of design solutions for policy and investment decisions. We tested the robustness assessment 
methodology on a case study, an existing dwelling with twenty-two realistic refurbishments in Turin, Italy. The retrofit 
solutions focus on the thermal properties of the envelope by varying the U-value, the solar heat gains, the thermal 
mass and the air tightness of the envelope.  
In this paper, we first give a brief description of the interactions between buildings and climate. Then we explain the 
robustness assessment methodology and the peculiarities of the case study and refurbishments. Finally, we present the 
simulation results and a discussion about remarkable features that characterize the robustness assessment 
methodology. 
Nomenclature 
BC – Base Case; RC – Refurbished Case; MN – Meteonorm; E+ – EnergyPlus 
2. Climate and building
2.1. Building simulation uncertainties 
The complex relationship that tightly binds climate conditions and buildings makes the use of performance simulation 
necessary to calculate the energy demand of a particular design. Unfortunately, building simulations are plagued with 
uncertainties, causing difficulties for designers taking decisions. These uncertainties arise from different factors, 
which according to de Wilde et al. [9] can be categorized in three groups. The first type of uncertainties is epistemic 
and is related to the building itself and its computer model which represents reality only to a certain extent [10]. The 
second category concerns the operation of the dwelling and includes how changes in appliances and occupant 
behaviours can influence the results, which is a type of aleatory uncertainty. We focus our study on the third group, 
the aleatory uncertainty related to climate. Uncertainties in climate are linked to two main issues: the complex problem 
of projecting how climate is going to evolve in the next decades [11] and the difficulty of generating reliable weather 
files to describe it. Uncertainties in weather files used to describe future climate are due to their generation process. 
Generating future time series requires climate models and scenarios which are approximations of reality, covering just 
a portion of the unknown, and probably larger, range of possible future climates. Moreover, as Zichichi contends, the 
algorithms used for their generation are too simple because they do not consider all the dynamic interactions between 
different variables [12]. Finally, weather file uncertainties increase if the model used refers to a region (or climate 
cell) because the prediction of local (e.g. city) environmental effects is more difficult compared to a global scale [13]. 
While the first two categories of uncertainties could be reduced or at least quantified with accurate modelling, climate 
uncertainties are almost impossible to eliminate. Consequently, it does not seem reasonable to compare different 
refurbishments on the basis of energy consumption calculated with just one weather file and so only one expected 
future climate (i.e. a stable climate). In the following paragraphs we briefly explain the two climate uncertainties 
related to climate change and to weather files. 
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2.2. Climate change uncertainties 
The interaction between the building system and the external climate is extremely complex and dynamic, involving 
many variables difficult to predict [14]. The indoor environment and the construction type of a building should depend 
on the climate in which the building is situated. However, buildings also influence their climate: emissions from 
building systems have a significant role in anthropogenic climate change. Strategies to reduce greenhouse gas 
emissions are called mitigation measures [15]. Another aspect of studying a climate’s interaction with the built 
environment is to look at adaptation measures, assuming some changes are going to happen anyway [9]. Only some 
research has started to investigate the possible effects that climate change could have on energy consumption [16, 7]. 
The overwhelming majority of dwellings, in fact, are designed for the average climatic conditions prevalent during 
the years of record of a TMY file. Thinking in terms of adaptation, however, buildings must perform satisfactorily 
under both current and future climates, adjusting to climate change to take advantage of beneficial opportunities and 
to moderate potentially dangerous events like heat waves. Therefore, it is necessary to incorporate the potential 
impacts of climate change into building design strategies, as suggested by Gaterell et al. [8]. Through the consideration 
of this interaction in an early stage of the design process, it will be possible to avoid (or reduce) negative impacts on 
energy usage due to climate change. 
2.3. Weather files uncertainties 
Weather files uncertainties refer to both present and future years. If climate change and future weather files can be 
considered a temporal uncertainty, present weather files could be classified as spatial uncertainties. We carried out a 
preliminary study to illustrate the unreliability of weather files referring to present weather conditions.  We simulated 
a base case model (cf. paragraph 4) with weather files referring to present climate conditions coming from two weather 
file sources in six different weather stations. These stations are located in the north of Italy at 45° of latitude and at 
longitudes that range from 7.65° to 9.70°, and can be considered to be in the same climatic area. The two weather file 
sources are the U.S. Department of Energy’s website (E+) and the METEONORM software (MN). Figure 1 displays 
the heating energy usage in kWh/m2 for the six weather stations. The two sources are indicated with a circle and a 
cross. The figure shows that the energy usage between different stations is quite different (up to 27% of difference 
between Milano Malpensa and Turin) even if they are in the same climatic area. The differences in results between 
the two sources are even bigger. This last variation is likely due to different generation algorithms and different years 
of record. A first conclusion is that weather files coming from different sources and stations have an intrinsic 
variability which can neither be predicted nor avoided. The inaccuracy that occurs in the present weather files makes 
future projections even less certain. 
Fig. 1. Energy usage for heating calculated with weather files from different stations and sources. 
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Fig. 2. Weather files used in energy simulations. 
3. Robustness assessment methodology
3.1. Robust solutions to climatic uncertainties 
In light of the fact that it is necessary to include climate change projections in building simulation and that all the 
weather files are affected by an intrinsic uncertainty, it is necessary to use a probabilistic approach for the assessment 
of different refurbishment strategies in the design process. In other words, the simulations must be run with different 
weather files to create a large ensemble of plausible future scenarios, where each member of the ensemble represents 
one guess about how the future climate could be. In this way, it is possible to analyze the behavior of different 
refurbishments under many plausible future climates and highlight which refurbishment is more robust to climatic 
uncertainties in terms of ranges of energy usage. In general, the robustness is defined as the sensitivity of particular 
performance indicators of a building to errors in the design assumptions [17]. In our case the errors are represented by 
the weather files. If a refurbishment is sensitive to different or changing climates, it is not robust and vice versa.  
3.2. Weather files 
Our study is similar to the work of Tian and de Wilde [18], which focuses on uncertainty and sensitivity analysis 
of building performance using probabilistic climate projections. We did a similar analysis by simulating the different 
refurbishment models with 18 weather files (3 referring to present and 15 to future), which form an ensemble of 
equally probable future climates. We considered that a building could experience the conditions described by each 
weather file with equal probability. This means that it is not important if a weather file refers to a particular year or a 
particular future scenario – there is some chance that the weather described in that file will occur. For example, even 
weather files referring to the present describe a possible future climate, i.e. an assumption that the climate stays stable 
in the future. So, we simulate all files together for a climate-based “what-if” analysis. Figure 2 illustrates the 
differences between the 18 weather files. The first present weather file refers to Caselle station (weather station 1) and 
comes from the U.S. Department of Energy’s website (E+), whereas the other two present weather files refer to Torino 
station (weather station 2) and come from two sources, the same website and the METEONORM software (MN). 
Future weather files are generated from the present files using two different software. The present weather files coming 
from E+ are transformed into future weather files with the Microsoft® Excel based “CCWorldWeatherGen” 
software[19] by using a model from the IPCC 2013 report [11] (HadCM3 A2 experiment ensemble) for three future 
time slices: the 2020’s, 2050’s and 2080’s. On the other hand, present weather files coming from MN are transformed 
into future weather files with METEONORM software by using three models from the IPCC 2013 report (HadCM3 
A2, B1 and A1B experiment scenarios) for the same three future time slices (2020’s, 2050’s and 2080’s). 
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Fig. 3. Robustness box-whiskers plots for heating and cooling annual energy usage. 
4. Case study
In order to assess the robustness assessment methodology, energy simulations were performed using EnergyPlus
(version 8.1). The two input files of the software are the IDF (files generated with DesignBuilder software), which 
describes the building model, and the EPW files containing hourly weather data. Our analysis starts with the base case 
(BC), a detached family house modelled according to typical European construction techniques used after the Second 
World War, before any national energy standards that dictated a minimum insulation level for a building. The 
following U-values have been calculated – walls: Uw = 1.4 W/m2K; roof: Ur = 1.0 W/m2K; ground floor: Ug = 1.0 
W/m2K; internal floor and partition: Uf = 1.8 W/m2K; windows (single glazing): Uwi = 5.8 W/m2K. 
4.1. Refurbishment strategies 
To test the potential impact of installing retrofit solutions in the BC house and their interaction with present and 
future climate scenarios, twenty-two passive refurbishment cases (RC) were modeled. These strategies can be 
classified in four groups: use of insulation (RC1-RC18), use of shading systems (RC19-RC20), use of thermal mass 
(RC21) and increased airtightness (RC22). In particular, RC1-RC3 refurbishments refer to external wall insulation 
(U-values: 0.33, 0.25, 0.15 W/m2K), RC4-RC6 to internal wall insulation (U-values: 0.33, 0.25, 0.15 W/m2K), RC7-
RC9 to external roof insulation (U-values: 0.30, 0.23, 0.15 W/m2K), RC10-RC12 to internal roof insulation (U-values: 
0.30, 0.23, 0.15 W/m2K), RC13-RC15 to floor insulation (U-values: 0.30, 0.23, 0.15 W/m2K) and RC16-RC18 to 
windows’ glazing substitution (U-values: 1.9, 1.7, 0.78 W/m2K). RC19 and RC20 describe the installation of internal 
and external venetian blinds respectively. 
5. Results
The box whisker plot is a good graphical representation of the range of energy usage or the sensitivity of different
refurbishments using results from all the weather files. Sensitivity to weather inputs can be assessed with the lengths 
of boxes and whiskers. If the box is tall and the whiskers are long, the response of the building to climate varies 
substantially. Therefore, the particular refurbishment solution is not robust to changes in climate. Figure 3 illustrates 
annual energy usage for heating and cooling. There seems to be no connection between the energy performance for 
cooling and for heating. Anyway, the different dimensions of the boxes highlight the sensitivities of the refurbishment 
measures to differences in climate projections. For heating, almost all refurbishments lead to a lower energy usage 
compared to the base case. The reduction of infiltration (RC22) seems to be the least sensitive refurbishment under 
future scenarios. The black points illustrate the outliers of the data distribution. For cooling, the energy usage is lower 
than the one for heating. The differences between the refurbishments are very small and it seems that almost all the 
936   Giorgia Chinazzo et al. /  Energy Procedia  78 ( 2015 )  931 – 936 
solutions behave the same way, besides the insulation of the floor with different U-values (RC13-15). The increase of 
the airtightness (RC22) does not have the same beneficial effect in terms of energy usage compared to the heating 
case. In general, the boxes for cooling are bigger than the ones for heating, pointing to higher uncertainty. 
6. Conclusions
Energy consumptions calculated with building simulations are highly sensible to the weather file used, linked to
its source and generative algorithm. For this reason, in the evaluation of different design strategies, it is advisable to 
use multiple weather files to calculate a range of possible energy usages, referring to both present and future years.  
The results summarized in this paper portend the usefulness of our methodology for an energy-driven comparison 
of design choices of future building construction or interventions. In fact, energy simulation results may be more 
helpful when treated as being probabilistic instead of deterministic as they are today, i.e. if they show ranges of data 
instead of single values. It is important to note that the eighteen weather files used in this study are probably not 
enough to provide statistically reliable and meaningful ranges of results. It will be interesting to enlarge the input set 
of data to have a larger sample for more reliable estimation of population parameters (e.g. mean predicted energy 
usage, variance). Ongoing work by the authors explores this. 
The box-whiskers plots used in the analysis illustrates that the uncertainty in weather files generates ranges of 
energy usage which are very relevant in the creation of a ranking based on robustness. Ongoing research is developing 
an index able to numerically quantify the results of the box-whickers plot for clearer and more comparable results. It 
is important to notice that the methodology we developed refers to the case study of a single family house in Turin 
refurbished with passive solutions. It can also be applied to different building types or to new dwellings.  
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